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Abstract. Titanium and its alloys have been widely used in the automotive, 
biomedical and aerospace industries due to their good strength-to-weight ratio and 
corrosion resistance. They are considered as difficult-to-machine materials i.e. 
Titanium and its alloys possess poor machinability. The experimental work reported 
in the present paper attempts to enhance the machinability of Titanium Grade 2 (a 
good candidate for bio-implants) under the influence of minimum quantity 
lubrication at high speed conditions. In this work full factorial technique has been 
adopted to design and conduct the machining experiments (27 Nos). The paper 
details the experimentation, optimization, and effect of machining parameters on 
surface roughness and tool wear during MQL assisted high speed machining of 
Titanium Grade 2. Investigation reveals significant effect of machining parameters 
under MQL environment on surface roughness and tool wear. Machining at 
optimum combination of parameters resulted in precision finish with average 
roughness value 0.67 µm and maximum tool flank wear value 0.210 mm. The 
outcomes of this investigation identify MQL as a sustainable substitute of 
conventional wet cooling for enhanced machinability of Titanium Grade 2 at high 
speed conditions. 
Keywords. Cutting fluid; lubrication; machinability; MQL; surface integrity; 
sustainability, Titanium   
1. Introduction 
The ‘wonder metal’ Titanium (Ti) and its alloys have widely been used as a prime 
candidate material for various biomedical, aerospace and industrial applications [1-3]. 
Biocompatibility, high strength to weight ratio, and corrosion resistance etc. are some of 
the special characteristics possessed by them. But, their machining is challenging and 
therefore a prime area of research and development. Commercially pure Titanium Grade 
2 is a reliable material for bio-medical implants. While manufacturing bio-implants, it 
has to undergo extensive machining operations such as turning, milling, and drilling etc. 
Machining at high speed results in high productivity, but, on the other hand responsible 
for high tool wear, low surface quality, and excessive energy and resource consumption. 
At high speed conditions, the machinability of Ti Grade 2 is also poor similar to other 
unalloyed and alloyed grades. There are certain ways to enhance the machinability of 
difficult-to-machine materials; these are- machining at optimum parameter settings, 
selection of appropriate tool materials and coatings, employing hybrid machining 
processes such as laser assisted and vibration assisted machining, utilizing sustainable 
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lubrication techniques such as cryogenic cooling, minimum quantity lubrication, and dry 
machining etc. [3-6].  
Minimum quantity lubrication is a micro-lubrication technique, where green 
lubricant in micro quantity is supplied in the machining zone that is uniformly distributed 
between the tool and work interface and therefore makes cushion like arrangement there 
to further facilitates the sliding of chips and prevent heat generation [5, 6]. This ensures 
better work surface integrity, lower tool wear and energy consumption etc. 
There has been an extensive research conducted on machinability enhancement of 
Titanium and its alloys under the influence of MQL conditions [6-11].  
But, literature review doesn’t reveal the presence of ample amount of articles 
systematically describing the research on machinability enhancement of Titanium Grade 
2. The research work conducted by authors and reported in this paper fills this gap. This 
paper discusses the experimentation, effect of machining parameters on two main 
machinability indicators such as surface roughness and tool wear, and optimization to 
secure the best set of machining parameters for enhanced machinability of Ti Grade 2. 
2. Experimental Details 
In the present work, rhomboid shaped carbide tool inserts are used to machine Ti 
Grade 2 on CNC turning centre. An MQL device (Producut APL 005/03) has been used 
to supply green lubricant (a blend of natural, synthetic and sulphurized esters) in the 
machining zone at 50 ml/h, 5 bar and from 30 mm distance. Figure 1 shows the 
experimental setup used in the present work.  
 Fig 1. Experimental setup used for MQL assisted high speed machining of Ti Grade-2. 
Table 1 Details of machining parameters 
For investigation, three important machining parameters i.e. cutting speed, feed rate and 
depth of cut are varied at three levels each. Full factorial design of experiment 
methodology has been adopted that gives 27 experimental combinations to investigate 
and analyse the effect of machining parameters on surface roughness and tool wear. The 
values of fixed MQL parameters and levels of variable machining parameters are based 
on some preliminary and pilot experiments conducted previously. The previous 
experiments were also helpful to determine the feasibility of machining Ti Grade 2 at 
high speeds (i.e. >125 m/min). Table 1 provides the details of machining parameters. 
Surface roughness parameters have been measured using hand-held Hommel make 
roughness tester, and tool flank (maximum) wear by scanned electron microscope. 
Table 1 Details of variable machining parameters 
Machining 
Parameters 
Unit Levels 
-1 0 1 
Cutting Speed 
‘Vc’ 
m/min 200 250 300 
Feed Rate ‘f’ mm/rev 0.1 0.15 0.2 
Depth of Cut 
‘dc’ 
mm 1 1.5 2 
 
3. Results and Discussion 
Table 2 presents the values of surface roughness and tool wear corresponding to all 27 
set of experiments. Figures 2 and 3 depict the effect of machining parameters mainly 
cutting speed and feed rate on average roughness and maximum flank wear. Analysis of 
variance (ANOVA) study found feed rate and cutting speed as the most significant 
parameters affecting surface roughness and tool wear respectively. 
 
Table 2 Experimental combinations of machining parameters and corresponding values of surface roughness 
and tool wear 
Expt. 
No ࢂࢉ (m/min) ࢌ (mm/rev) ࢊࢉ (mm) 
Surface 
Roughness 
ࡾࢇ (µm) 
ࢀ࢝        (mm) 
1 300 0.1 1 0.47 0.24 
2 250 0.3 1 2.26 0.245 
3 300 0.2 1 0.77 0.235 
4 200 0.1 2 0.88 0.105 
5 250 0.3 2 2.58 0.29 
6 250 0.3 1.5 2.36 0.235 
7 300 0.1 2 0.68 0.465 
8 300 0.3 1 2.09 0.175 
9 250 0.2 1.5 1.17 0.2 
10 200 0.3 1.5 2.54 0.21 
11 300 0.3 2 2.47 0.345 
12 200 0.3 1 2.36 0.19 
13 200 0.1 1 0.72 0.065 
14 300 0.3 1.5 2.22 0.255 
15 300 0.1 1.5 0.58 0.19 
16 250 0.2 1 0.94 0.195 
17 300 0.2 2 1.1 0.415 
18 250 0.1 1.5 0.63 0.16 
19 200 0.2 1 1.29 0.19 
20 300 0.2 1.5 0.98 0.32 
21 250 0.1 1 0.5 0.17 
22 200 0.2 1.5 1.35 0.105 
23 250 0.1 2 0.7 0.295 
24 250 0.2 2 1.32 0.16 
25 200 0.1 1.5 0.85 0.115 
26 200 0.2 2 1.39 0.12 
       27 200 0.3 2 2.65 0.215 
 
As shown in Fig. 2a, there exists an inversely proportional relationship between 
cutting speed and surface roughness. Deterioration in surface finish is probably the result 
of built-up edge formation at tool tip while machining at low speeds [12]. Increasing 
surface roughness with high feed rate (see Fig.2b) is caused by the high frictional forces 
generated due to large amount of chip flow that deteriorated work surface and increased 
tool wear (see Fig. 3b) [13].  The abrasive type of wear is observed on the tool flank 
surface. High tool wear at increasing cutting speed has been observed (Fig. 3a) that is 
attributed to the fact that tool wear is strongly influenced by the contact stress and cutting 
temperature at tool workpiece interface and as the cutting speed increases, the rubbing 
action increases and more heat is produced that softens the tool edge and flank face and 
results in high tool wear [12, 14]. 
         (a)                                               (b) 
Fig. 2 Effect of machining parameters (a) cutting speed, (b) feed rate on average roughness  
After a detailed analysis of the results, it has been found that the trends are conflicting in 
nature and requires multi-performance optimization to secure the best set of machining 
parameters so as to enhance the machinability of Titanium Grade 2 with best values of 
surface finish and tool wear. Desirability analysis [15], an efficient and most extensively 
used statistical optimization technique, with ‘smaller the better’ type of desirability 
function has been used for multi-performance optimization in this work. Table 3 presents 
the optimum values of input machining parameters as well as responses predicted by 
desirability and the actual values obtained by confirmation experiment conducted at the 
optimal parameters. The results of the confirmation experiments validate the predictions 
and ensure significant improvement in surface finish and reduction in tool wear at a 
single set of machining parameters. Figure 4 depicts the SEM images of flank wear of 
the tool used to machine Ti Grade 2 at optimum parameters. 
 (a)                                               (b) 
Fig. 3 Effect of machining parameters (a) cutting speed, (b) feed rate on tool wear. 
 
Table 3 Optimum parameters and results of confirmation experiments 
 
Optimal parameters Predicted optimal      
responses 
Optimal responses at 
confirmation expt 
Machining condition Ra  
(µm) 
  Tw 
(mm) 
Ra  
(µm) 
    Tw 
 (mm) 
Cutting speed-Feed-
Depth of cut 
250-0.1-1 
0.449 0.307 0.328 0.268 
 
   (a)                                               (b) 
Fig. 4 SEM images of the flank wear of the tool used to machine at optimum parameters. 
4. Conclusions 
This paper reports the results of experimental investigation conducted on 
machinability enhancement of Titanium Grade 2 under the influence of MQL conditions 
at high speed machining. The following conclusions can be drawn from this 
investigation: 
 Increase in cutting speed and feed rate leads to increase in tool wear; whereas 
surface roughness has decreasing trends with cutting speed and increasing 
trends with feed rate; 
 Feed rate was found to be the most significant parameter affecting surface 
roughness, whereas cutting speed is identified as the most significant parameter 
in case of tool wear. 
 Machining at optimum parameters i.e. cutting speed- 300 m/min, feed rate-0.1 
mm/rev, and depth of cut- 1 mm resulted in optimized values of average surface 
roughness- 0.67 µm, tool flank wear- 0.210 mm; 
 The difficulties usually associated with high speed machining of Ti Grade 2 can 
be significantly reduced with the assistance of MQL technique. 
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